A simply and cheap solid state synthesis was used to produce powders of spinel phase Li4-xCuxTi5O12, where 0≤x≤0.2, with crystallite size in ~890 nanometers range. The as-prepared samples were verified by scanning electron microscopy and X-ray diffraction. The electrochemical performance of these samples was examined by galvanostatic and voltamperometric tests. To determine transport properties an impedance spectroscopy tests were obtained. These measurements showed excellent high-rate performance and remark-ably good cyclability of the fabricated powders. Capacity retention in Li3.85Cu0.15Ti5O12 has 77% theoretical capacity after raise the discharge current from 1C to 10C and there is less than 2% of capacity loss after 50 charge/discharge cycles at 1C current rate.
Introduction
The world population is constantly growing, particularly in undeveloped countries, they usually consume energy in improper way. It is caused by having an inefficient energy systems and outdated devices. However, well developed countries are equally guilty. Modern society buy more and more electronic devices, drive power electric vehicles, industry is based on electricity instead of human work. All of this operations cause that world's energy sources are still decreasing. Moreover, some of the most important issues are global warming and air pollution, which are connected with combustion of traditional fuels [1] . The key to replacement of fossil fuels and traditional energy sources is to create effective systems of energy storage from renewable sources [2, 3] . Energy storage technologies -such as various types of batteries, electrochemical capacitors, pumped hydro, compressed air energy storage, flywheels etc., are very useful for many applications: backup power, energy management, load levelling, frequency regulation, voltage support, and grid stabilization [4, 5] . Unfortunately, not every type of storage is suitable for every type of application because of its special characteristics. An energy storage system should be safe, reliable, as cheap as possible and acceptable to industry. Lithium-ion batteries seem to be an attractive candidate to this goal [6] . Li-ion batteries have high gravimetric and volumetric energy, high power density and long life [7, 8] . Lithium titanate spinel -Li4Ti5O12 (sign. LTO), has very good electrochemical properties and it is an attractive anode material in Li-ion batteries [6, 9] . LTO has high working potential (~1.55V vs. Li/Li + ) due to the redox couple of Ti 3+ /Ti 4+ [5, 10] . It avoids the formation of SEI, contrary to graphite. Lithium titanate is environmentally friendly, inexpensive, of long cycle life, overcharge resistance and wide temperature work range [11] . The most crucial issue is the fact that LTO is a zero-strain material, what means that during the charge/discharge process it doesn't show any change of lattice parameter at all [12] . According to the reaction: 3Li + Li4Ti5O12 = Li7Ti5O12 (1) theoretical nondoped LTO capacity is around 175 mAh·g -1 . Despite all of these advantages Li4Ti5O12 is an insulator with low electronic conductivity (10 -13 Scm -1 ) [13] . Furthermore, spinel Li4Ti5O12 shows a very small volume variation during the charge/discharge process, consequently resulting in excellent cycle stability. Due to this fact, numerous researchers have been trying to improve its transport properties, by going to nanoscale [7, [14] [15] [16] [17] [18] [19] [20] or/and doping [21] [22] [23] [24] [25] [26] [27] . The second way is to dope with cations/anions in Li, Ti or O site; modification with d-electron metal could enhance electronic conductivity and reduce the electrode polarization. In this paper spinel was doped Li4Ti5O12 with Cu 2+ ions.
Experimental

Synthesis of main electrode materials
All samples were prepared using a one-step solid-state reaction method. In all of synthesis processes Li2CO3 (Aldrich, 99.8%), and TiO2-anatase (Acros, 99+%) powders as Li + and Ti 4+ sources were used. Moreover, in some powders CuO (Acros, 99+%) as a Cu 2+ source was used. The mixed reactants were ball-milled for 20 min with a propanol (POCH, pure) added. After drying, powders were calcinated at 900°C for 4 h in a tube furnace in air atmosphere. In order to eliminate TiO2 phase in samples, we used 105% of calculated stoichiometric Li2CO3 weight.
Structure and morphology
The phase characteristics and structural studies of the materials were determined by X-ray diffraction in 10-110 deg range with CuKα radiation (λ=1.5406Å), using Panalytical Empyrean diffractometer. Rietveld analysis of XRD data were done using GSAS/EXPGUI set of software [28] [29] [30] . Morphology and structure of samples were analyzed by NanoSEM 200 FEI scanning electron microscope equipped with low vacuum detector (LVD).
Preparation of lithium-ion batteries
The electrochemical tests were prepared using CR2032 coin-type cells. The working electrodes were prepared by pasting a slurry containing 70 wt.% active material, 15 wt.% graphite, 10 wt.% carbon black and 5 wt.% polyvinylidene fluoride (PVDF) dissolved in Nmethyl-2-pyrrolidone onto an aluminum foil. After coating, the slurry was dried in a vacuum dryer in 70°C for 1h. Batteries were assembled in the glove-box (UNILAB, M. Braun) under argon atmosphere with controlled oxygen and water vapor pressure (<0.1 ppm) using a metal lithium foil as a counter electrode and 1M LiPF6 solution in the 1:1 mixture of ethylene carbonate (EC) and dimethyl carbonate (DEC) as a electrolyte.
Electrochemical and transport measurements
The electrochemical characterizations were obtained using galvanostatic charge/discharge cycles at different rates over a voltage range of 1.3-2.2 V. The C rate was calculated based on tested-electrode weight and theoretical capacity of LTO. Cells were tested at computercontrolled galvanostat KEST 32k multichannel and ATLAS measurement. All of electrochemical tests were carried out at room temperature. Cyclic voltammetry studies were carried out using ATLAS measurement with scanning rates in the range of 0.01-5 mV s −1 and in 1.3-2.0 V voltage range. Electrical conductivity of the synthesized materials was measured on disk-shaped sinters by impedance spectroscopy method in a frequency range of 10 -1 to 10 6 Hz, using Solartron SI 1260 Frequency Response Analyzer. The obtained data were analyzed using ZView 2.0 software (Scribner Associates).
Results and discussion
Structure
Names of samples with their theoretical calculated capacity and volume of cells are shown in Table 1 . In this Table synthesis conditions are presented as well. Fig. 1 . presents the diffraction patterns of the tested powders. Fig. 2 presents SEM images of sample Li3.85Cu0.15Ti5O12: magnification  10000 (left) and  50000 (right) respectively. In order to get more structural information about the as-synthesized samples, they were also examined by SEM. Fig. 2 . shows the typical SEM images of the purest Li3.85Cu0.15Ti5O12 powder. The morphology of this powder indicates a disordered morphology composed of agglomerated sintered particles with wide size distribution, in microscale. Some of the crystallites were aggregated in much bigger grains than average. The sintering temperature in this work is probably a little bit too high. Low sintering temperature is also crucial to prevent the grains from excessive growth. Moreover, too high sintering temperature leads to decreasing the Li-ion transport paths. Morphology of commercial powder Li4Ti5O12 is similar to Fig. 2 . images and was observed by Wang at al. [31] . Fig. 3 presents a specific capacity during discharge process for samples: a) Li4Ti5O12, Li3.99Cu0.01Ti5O12 and Li3.95Cu0.05Ti5O12 (discharge/charge current rate: C/30, C/15 and C/6) and b) Li3.9Cu0.1Ti5O12, Li3.85Cu0.15Ti5O12 and Li3.8Cu0.2Ti5O12 (discharge/charge current rate: C/6, 2C/3 and 5C/3). 
Electrochemical and transport properties
Charge/discharge performance
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Fig. 3a
shows the specific capacity from the first of 30 cycles for samples: Li4Ti5O12, Li3.99Cu0.01Ti5O12 and Li3.95Cu0.05Ti5O12, at C/30, C/15 and C/6 rates. For each sample, specific capacity significantly decreases with each next rate. Non-doped LTO has specific capacity at rates C/30, C/15 and C/6 at ~150 mAh·g -1 , 140 mAh·g -1 and 125 mAh·g -1 respectively. The Li3.95Cu0.05Ti5O12 sample has 40 mAh·g -1 smaller specific capacity than the first two samples. Next three samples were tested with C/15, C/6, C/3, 2C/3 and 5C/3, current rates achieve 110 mAh·g -1 in the best case. The Li3.85Cu0.15Ti5O12 and Li3.8Cu0.2Ti5O12 samples have very stable capacity characteristics. The best and well known sample is Li3.85Cu0.15Ti5O12. The cells assembled with anode based on this material show 100 % of reversibility. Moreover, specific capacity measured at the first 10 cycles and after all tests, has the same value, which responds to 77 % of theoretical capacity for 1C rate. In Fig. 4 we can observe change discharge capacity of Li3.85Cu0.15Ti5O12 sample as a function of cycle number and charge rate. With increased the current rate, specific capacity was decreased; the value of specific capacity for 1C rate was ~133 mAh·g -1 , and for 10C rate was ~30 mAh·g -1 . This sample was characterized by excellent reversibility of charge/discharge process.
Cyclic voltammetry
Cyclic voltammograms and integral dQ/dE shown in Fig. 5 a and b , respectively, were obtained with Li3.85Cu0.15Ti5O12-based anode in Li-ion cell, at the different scan rates. In order to check the stability and reversibility of a process, the cell was tested at three different scan rates, each of these rates was repeated three times. As a result perfectly reversible cycles were obtained. The observed difference between potentials of anodic and cathodic peaks equals 60 mV. As can be seen in Fig. 5 ., with the increasing scan rate, potentials of anodic and cathodic peak shift slightly from each other.
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Conductivity
The impedance spectroscopy was used to study the transport properties of the samples. (Fig.  6 a and b) . Fig. 6b. shows the relationship between log σ and 1000/T. The activation energy of this process was presented on the right from curves. Ea of the pellets were calculated with Arrhenius equation. R 2 of calculated values are quite proper and equal 0.988±0.01 averagely. Conductivity increases with the increase of temperature, however conductivity values are similar to each other. Undoped sample has the biggest activation energy (0.76 eV compared to ~0.5eV for the others) and the biggest resistance at the same time. The pellet has resistance in the range of 15·10 5 [Ω], this value is 50% higher from the others. The Li3.85Cu0.15Ti5O12 sample presents the smallest energy activation.
The sample of Li4-xCuxTi5O12, where 0≤x≤0.2 were prepared using a solid-state method. In the SEM images we can observe crystallites in width spectrum of size, due to high temperature of sintering of powders. Substitution of Cu in LTO slightly changes electrochemical performance of the material. The best electrochemical properties and reversibility during intercalation/deintercalation are presented in LTO with 0.15 Cu molar ratio. The difference between cathodic and anodic peak in cyclic voltammograms suggests single-electron process of lithiation.
